CD30 is a novel therapeutic target in human mast cell (MC) neoplasms. In this 'comparative oncology' study, we examined CD30 expression and regulation in neoplastic canine MC using a panel of immunomodulatory cytokines [interleukin-2 (IL-2), IL-4, IL-5, IL-6, IL-13 and stem cell factor (SCF)] and the canine mastocytoma cell lines NI-1 and C2. Of all cytokines tested IL-4 was found to downregulate expression of CD30 in NI-1 and C2 cells. We also found that the CD30-targeting antibody-conjugate brentuximab vedotin induces growth inhibition and apoptosis in both MC lines. Next, we asked whether IL-4-induced downregulation of CD30 interferes with brentuximab vedotin-effects. Indeed, pre-incubation of NI-1 cells with IL-4 decreased responsiveness towards brentuximab vedotin. To overcome IL-4-mediated resistance, we applied drug combinations and found that brentuximab vedotin synergizes with the Kit-targeting drugs masitinib and PKC412 in inhibiting growth of NI-1 and C2 cells. In summary, CD30 is a new marker and IL-4-regulated target in neoplastic canine MC.
Introduction
During the past few years, comparative oncology has become a rapidly expanding field with great perspectives and robust clinical models. One of the best studied models may be mast cell (MC) neoplasms. In both the human and the canine system, MC disorders are characterized by an accumulation of neoplastic MC in various organs and by clinical symptoms caused by vasoactive and inflammatory mediators released from MC. 1 -6 Systemic mastocytosis (SM) is a heterogeneous group of MC neoplasms in humans. Depending on the disease-type and molecular lesions, SM shows an indolent or aggressive clinical course. 1 -4 Pure cutaneous variants of mastocytosis have also been described in humans, and in a smaller subset of paediatric patients, solitary or multiple skin mastocytomas are found. 1, 2 In dogs, cutaneous mast cell tumours (MCT) represent the most frequent type of skin neoplasms, accounting for up to 21% of all cutaneous malignancies. 5 -8 In both species, MC neoplasms exhibit variable biological behaviour and courses, ranging from chronic and indolent with favourable outcomes to highly aggressive, systemic, disease variants with grave prognosis. 1 -8 In human rapid proliferation in various organ systems, with consecutive organ damage. 2, 9 In humans, a number of different conventional drugs and chemotherapy agents have been tested in advanced SM, including interferon-alpha (IFN-) and cladribine (2CdA). These drugs have been described to induce responses in a subset of patients with advanced SM. However, in patients with rapidly progressing aggressive SM or mast cell leukemia (MCL), responses are usually short-lived and the prognosis is poor. 10 -13 In most human patients with SM, transforming Kit mutations are detectable in neoplastic cells. These mutations are considered to be responsible for factor-independent, autonomous growth of MC in these patients. During the past few years, several Kit-targeting drugs have been developed, and several of these agents reportedly suppress the in vitro growth of human neoplastic MC. 14 -22 Recent data suggest that transforming Kit mutations also develop in canine mastocytomas and MC tumours in other species. 5, 6, 17, 23 -25 In canine patients, the tyrosine kinase inhibitors (TKIs) masitinib and toceranib received approval for treatment of malignant MCT, and the effects of a number of additional promising targeted drugs have been investigated in canine MCT patients. 26 -28 However, although clinical responses are seen quite frequently, they are usually short-lived and followed by a relapse, which points to secondary resistance. 29 -33 The Ki-1 antigen, also known as CD30, has long been recognized as a rather specific marker of neoplastic cells in human Hodgkin's disease and ALK + anaplastic large cell lymphomas. 34, 35 Other haematopoietic neoplasms are usually CD30-negative. However, recent data suggest that neoplastic human MC in advanced SM express substantial amounts of cytoplasmic CD30. 36, 37 It has also been described that neoplastic human MC express CD30 on their cell surface. 38, 39 However, so far, the mechanisms underlying aberrant expression of CD30 in neoplastic MC, remain unknown. Moreover, CD30 has not been investigated in the context of canine MC tumours so far. In this study, we examined the expression, function and regulation of CD30 in neoplastic canine MC and asked whether CD30 would serve as a potential therapeutic target in MCT.
Materials and methods

Reagents
Masitinib and midostaurin (PKC412) were purchased from LC Laboratories (Woburn, MA, USA), piceatannol and pimozide from Sigma-Aldrich (St Louis, MO, USA), RDEA119, PD0325901 and NVP-BEZ235 from Selleck (Houston, TX, USA) and RAD001 from ChemieTek (Indianapolis, IN, USA). The antibody-drug conjugate brentuximab vedotin (SGN-35) was kindly provided by Dr P. Veiby and Dr J. V. Garafalo (Millennium Takeda Oncology Company, Cambridge, MA, USA). Stock solutions of drugs were prepared by dissolving in dimethyl sulfoxide (Merck, Darmstadt, Germany). Recombinant human (rh) interleukin (IL)-2 was obtained from ImmunoTools (Friesoythe, Germany), rhIL-4 from Peprotech (Rocky Hill, NJ, USA), rhIL-5 from BD Biosciences (San Jose, CA, USA), rhIL-6 from Novartis (Basel, Switzerland), rhIL-13, rhCD30 ligand, recombinant canine (rc) IL-4, and rc stem cell factor (SCF) from R&D Systems (Minneapolis, MN, USA) and rhSCF from Strathmann Biotech (Hannover, Germany). RPMI 1640 medium and fetal calf serum (FCS) were purchased from PAA Laboratories (Pasching, Austria), 3 H-thymidine from Amersham (Buckinghamshire, UK) and the Annexin V-FITC Kit from eBiosciences (San Diego, CA, USA).
Culture of canine cell lines
The canine mastocytoma cell line C2 was kindly provided by Dr W. Gold (Cardiovascular Research Institute, University of California, San Francisco, CA, USA). 40 C2 cells were cultured in Iscove's Modified Dulbecco's Medium (IMDM) supplemented with 5% FCS, -thioglycerol (Sigma-Aldrich) and antibiotics at 5% CO 2 and 37 ∘ C. The canine mastocytoma cell line NI-1 was established in our lab and was maintained in RPMI 1640 medium supplemented with 10% FCS and antibiotics at 5% CO 2 and 37 ∘ C. 41 
Immunocytochemistry and immunohistochemistry
Immunocytochemistry (ICC) was performed as described using cytospin-slides prepared from NI-1 and C2 cells. 42 The 48 In addition, CD30 mRNA expression was also determined by absolute copy number quantification to adjust for possible differences in PCR efficiency between target gene and control gene that could affect 2 −ΔΔCT based relative quantification methods. For absolute quantification of CD30-, beta-actin-and Kit copy numbers, plasmid standards were generated by cloning of PCR products into the pCR2.1-TOPO vector (Life Technologies, Carlsbad, CA, USA). Plasmid DNA was diluted to a 4-point standard curve ranging from 10 3 to 10 6 copies per L for CD30, beta-actin and Kit. Plasmid standards were included in each qPCR run, and standard curves were generated based on linear regression of C T -values and log10 of plasmid DNA copies using MS Excel (Microsoft). Standard curves showed a slope between −3.1 and −3.9 and a correlation coefficient ≥0.98 according to published guidelines. 49 Absolute copy number of samples was calculated using slope and intercept of the respective linear regression line. Finally, CD30 copy numbers were normalized to beta-actin or Kit copy numbers and were expressed as percent of canine beta-actin or 41 ; IHC scoring system according to Sotlar et al. 33 : CD30 IHC staining score: −, negative or <10% MC positive; +, 10-50% MC positive; ++, >50% MC positive. Analysis of the CD30 mRNA expression: −, < 0.005 CD30 mRNA level (% of beta-actin); +, < 0.05 CD30 mRNA level (% of beta-actin); ++, > 0.05 CD30 mRNA level (% of beta-actin).
Kit. In a separate set of experiments, NI-1 cells were treated with various concentrations of rhIL-4 (50-200 ng mL −1 ) or rcIL-4 (50-200 ng mL −1 ) at 37 ∘ C for 48 or 96 h before total RNA was isolated.
Flow cytometry analysis
Flow cytometry was performed on NI-1, C2 and MCPV cells using mAb against Kit and CD30. Before being examined, cell lines were incubated with various concentrations (50-200 ng mL −1 ) of rhSCF, rhIL-2, rhIL-4, rhIL-5, rhIL-6, rhIL-13, rhCD30 ligand, rcSCF or rcIL-4 at 37 ∘ C for 48 or 96 h. Then, surface expression of CD30 and CD117 was determined by flow cytometry on a FACSCalibur (BD Biosciences) as reported. 41 MCPV-1.1 cells were used as positive control to verify staining with anti-CD30 antibody. Staining reactions were controlled by isotype-matched control-antibodies. Flow cytometry results were expressed as staining index: ratio of mean fluorescence intensity (MFI) obtained with specific mAb to MFI obtained with control mAb. MFI defines the mean intensity of the fluorescence measured in a specific channel. The staining index is defined by the ratio of the MFI obtained with a specific mAb and of the MFI obtained with the isotype-matched mAb. When analysing cell surface marker expression by flow cytometry, only viable cells defined by forward side scatter characteristics, were included. In a separate set of experiments, NI-1 and C2 cells were incubated with various concentrations of either brentuximab vedotin (10-50 μg mL −1 ) at 4 or 37 ∘ C (in parallel), or various concentrations of masitinib (0.05-2 M), or PKC412 (0.05-2 M) for 3-96 h at 37 ∘ C before CD30 expression was analysed. In another set of experiments, NI-1 and C2 cells were incubated with various concentrations of the MEK inhibitors PD0325901 or RDEA119 (0.001-10 M), the phosphatidylinositol-3-kinase/mechanistic target of rapamycin (PI3K/mTOR) inhibitor NVP-BEZ235, the mTOR blocker RAD001 (0.001-10 M) or the STAT5 inhibitors piceatannol and pimozide (0.1-10 M) at 37 ∘ C for 24 h. Subsequently, CD30 cell surface expression was analysed by flow cytometry. We also examined the effect of IL-4 on immunoglobulin E (IgE) receptor expression in NI-1 and C2 cells. In these experiments, cells were incubated with various concentrations of rcIL-4 (50-200 ng mL −1 ) at 37 ∘ C for 96 h. Thereafter, IgE receptor expression was analysed by staining with fluorescein isothiocyanate (FITC)-labelled anti-IgE antibody A40-125F after preloading cells with 5 μg mL −1 dog IgE at 37 ∘ C for 2 h. Antibody reactivity was determined on a FACSCalibur.
Apoptosis assays
AnnexinV/propidium iodide (PI) staining and active caspase-3 staining were performed by flow cytometry as described. 41 Prior to staining, NI-1 and C2 cells were incubated with various concentrations of brentuximab vedotin (2.5-30 μg mL −1 ) at 37 ∘ C for 96 h. To quantify expression of activated caspase-3 after drug exposure, cells were fixed in formaldehyde (2%) and permeabilized using methanol (100%) at −20 ∘ C for 15 min. After staining with an antibody against active caspase-3 (clone C92-605; BD Biosciences) cells were analysed by flow cytometry on a FACSCalibur.
Measurement of 3 H-thymidine uptake
To determine growth-modulating effects of cytokines and drugs, proliferation was analysed by measuring 3 H-thymidine uptake as described. 14 Briefly, NI-1 and C2 cells were incubated in various concentrations of brentuximab vedotin (0.001-50 μg/mL −1 ) at 37 ∘ C for 96 h. To examine potential additive or synergistic drug effects, NI-1 and C2 cells were incubated with brentuximab vedotin and masitinib, or with brentuximab vedotin and PKC412 as single agents or in combination at a fixed ratio of drug concentrations at 37 ∘ C for 96 h before 3 H-thymidine uptake was measured. In another proliferation experiment, NI-1 cells were pre-incubated with 200 ng mL −1 rcIL-4 or control medium for 48 h. Subsequently, cells were treated with various drug combinations at fixed ratio (brentuximab vedotin + masitinib or brentuximab vedotin + PKC412) plus 200 ng mL 
Statistical analysis
Results
Neoplastic canine MC express CD30
As assessed by IHC, canine neoplastic MC were found to express cytoplasmic and membrane-associated CD30 in all samples tested, independent of the grade of the mastocytoma (Fig. 1A, Table 1 ). Correspondingly, qPCR analyses revealed that canine neoplastic MCT express CD30 mRNA regardless of the grade of the mastoyctoma (Fig. S1 , Supporting information). CD30 expression was also detected in the canine mastocytoma cell lines NI-1 and C2 by ICC (Fig. 1B) . qPCR analysis confirmed CD30 mRNA expression in NI-1 and C2 cells (Fig. 1C) . Interestingly, however, NI-1 cells expressed higher levels of CD30 mRNA compared with C2 cells (Fig. 1C) . We also examined surface expression of CD30 on neoplastic MC by flow cytometry. MCPV-1.1 cells were employed as positive-control and found to express CD30 in these experiments (Fig. 1D ). As visible in Fig. 1D , both NI-1 and C2 cells expressed CD30 on their cell surface. Again, NI-1 cells expressed substantially higher levels of CD30 compared with C2 cells (Fig. 1D) .
Role of Kit and Kit downstream signalling pathways on CD30 expression in the canine MC lines NI-1 and C2
As assessed by flow cytometry, the Kit-targeting drugs masitinib and PKC412 induced a dose-dependent decrease in CD30 surface expression in NI-1 and C2 cells after 16, 24, 48 and 96 h (Fig. S2) , whereas no drug effects on CD30 expression were seen after 3 or 6 h (data not shown). Next, we examined the effects of various drugs targeting Kit-downstream signalling molecules in neoplastic canine MC, including the MEK inhibitors PD0325901 and RDEA119, the PI3-kinase/mTOR blocker NVP-BEZ235, the mTOR blocker RAD001 (everolimus) and the STAT5 inhibitors piceatannol and pimozide. Both MEK inhibitors and the mTOR inhibitors decreased CD30 cell surface expression in a significant dose-dependent manner in NI-1 cells after 24 h (Fig. 2A) , whereas both STAT5 inhibitors induced only a slight decrease in CD30 expression in NI-1 cells (Fig. 2A) . In C2 cells, both MEK inhibitors and the PI3K/mTOR blocker NVP-BEZ235 reduced CD30 cell surface expression in a dose-dependent manner (Fig. 2B) . However, RAD001, piceatannol and pimozide did not change CD30 expression after 24 h of treatment in C2 cells (Fig. 2B) .
IL-4 downregulates CD30 expression in NI-1 and C2 cells
To further examine mechanisms underlying expression of CD30 on neoplastic MC, we applied various cytokines on NI-1 and C2 cells. Most of the cytokines tested did not affect CD30 expression in NI-1 and C2 cells. However, IL-4 was found to downregulate cell surface CD30 expression and CD30 mRNA expression in NI-1 cells (Fig. 3A-D) . The effects of IL-4 were dose-dependent and were detectable after 48 and 96 h. Both rcIL-4 and rhIL-4 suppressed CD30 expression in these cells (Fig. 3A-D) . In C2 cells, basal CD30 levels were low, but IL-4 was still able to downregulate CD30 expression (Fig. S3A ). The other cytokines tested (rhSCF, rhIL-2, rhIL-5, rhIL-6, rhIL-13 and rcSCF) failed to modulate CD30 expression in NI-1 or C2 cells after 48 or 96 h (data not shown). As assessed by qPCR, NI-1 and C2 cells were found to display IL-4 receptors (data not shown). We also examined the effect of IL-4 on CD30 expression in the CD30 + human MC lines HMC-1.1 and MCPV-1.1. However, neither rhIL-4 nor rcIL-4 suppressed CD30 expression in these cells (Fig. S3B,C) .
IL-4 upregulates IgE receptor expression on NI-1 cells
In human MC, expression of several cell surface structures is regulated by IL-4, including the IgE receptor (upregulated) and Kit (CD117) (downregulated). 3, 4, 50, 51 In this study, rcIL-4 induced a slight increase in IgE receptor expression in NI-1 cells, whereas no effect of IL-4 on IgE receptor expression in C2 cells was seen (Fig. S4) . In advanced mastocytomas, canine patients may also suffer from symptoms caused by MC mediators, including pruritus, flushing, gastrointestinal symptoms (or even bleeding) and other histamine-induced reactions. Therefore, we were interested to examine whether brentuximab vedotin, a CD30 targeting antibody-conjugate, would modulate IgE-dependent histamine release in canine MC. We have recently shown that brentuximab vedotin inhibits IgE-mediated histamine release in human MC. 36 However, in this study, brentuximab vedotin failed to suppress IgE-dependent histamine release from NI-1 cells (Fig. S5) . As C2 cells do not express a functionally active IgE receptor, we did not examine histamine release in these cells. Treatment with IL-4 (rcIL-4 or rhIL-4) did not change surface expression of Kit in NI-1 or C2 cells (Fig. S6A,B) . In control experiments, rhIL-4 reduced Kit (CD117) surface expression in HMC-1 cells (Fig. S6C) , confirming previous studies. 52 Additionally, we tested the phosphorylation status of Kit by Western blot analysis. However, rcIL4 did not alter the levels of phosphorylated Kit in NI-1 cells (Fig. S7 ).
IL-4 augments proliferation of NI-1 and C2 cells
Next, we asked whether IL-4 is able to modulate proliferation in neoplastic canine MC. We found that rcIL-4 slightly promotes growth in NI-1 and C2 cells (Fig. 4) . We also asked whether the CD30 ligand (CD30L) modulates CD30 expression or proliferation in canine MC. However, CD30L did not regulate CD30 expression or proliferation in NI-1 or C2 cells (data not shown).
Identification of CD30 as a novel target in NI-1 and C2 cells
Brentuximab vedotin, a CD30-targeting antibody-drug conjugate, has been described to inhibit the growth of CD30 + lymphoma cells. 33, 34 We applied brentuximab vedotin in order to test its anti-neoplastic effects on neoplastic canine MC lines. In proliferation experiments, brentuximab vedotin induced dose-dependent growth inhibition in NI-1 and C2 cells, with higher IC 50 values obtained in NI-1 cells (30 μg mL −1 ) compared with C2 cells (10 μg mL −1 ) (Fig. 5A) . We also asked whether the growth-inhibitory effects of brentuximab vedotin are associated with induction of apoptosis. Indeed, brentuximab vedotin induced a dose-dependent increase in apoptosis in NI-1 and C2 cells as determined by AnnexinV/PI staining and active caspase-3 staining (Fig. 5B,C) .
Effects of brentuximab vedotin on CD30 expression of canine MC line NI-1 and C2
Interestingly, incubation with brentuximab vedotin resulted in a dose-dependent decrease in CD30 surface expression in NI-1 and C2 cells at 37 ∘ C after 1, 48 or 96 h (Fig. 5D) . However, CD30 cell surface expression in NI-1 and C2 cells was not influenced by exposure to brentuximab vedotin at 4 ∘ C (data not shown). 
IL-4 decreases the responsiveness of the CD30 + canine MC line NI-1 against brentuximab vedotin
Based on our data described above, we asked whether canine mastocytoma cell lines might be less sensitive against brentuximab vedotin after IL-4 treatment due to decreased CD30 expression. To address this question, NI-1 and C2 cells were pre-incubated with control medium, rcIL-4 or rhIL-4, for 48 h before cells were exposed to brentuximab vedotin (96 h). In these experiments, IL-4-treated NI-1 cells were less responsive to brentuximab vedotin compared with untreated cells (Fig. 6A,B) . In C2 cells expressing CD30 at a much lower level compared with NI-1 cells, IL-4 did not induce this effect (Fig. 6A,B) .
Brentuximab vedotin produces synergistic growth-inhibitory effects with masitinib and PKC412 in NI-1 and C2 cells
As currently available drugs are unable to induce long-lasting remissions in MCT patients; and several different mechanisms, including IL-4-induced downregulation of CD30, may lead to resistance, we applied drug combinations with the aim to achieve synergistic anti-neoplastic effects. Specifically, we applied brentuximab vedotin and masitinib or brentuximab vedotin and PKC412. As assessed by 3 H-thymidine incorporation, brentuximab vedotin was found to synergize with masitinib and with PKC412 in producing growth inhibition in NI-1 and C2 cells (Fig. 7A,B) . The synergistic drug interactions were confirmed by calculating CI values using Calcusyn software (Fig. S8) . In a separate set of experiments, we tested drug combinations in the absence or presence of canine IL-4 in NI-1 cells. Pre-incubation with rcIL-4 for 48 h decreased responsiveness of NI-1 cells against brentuximab vedotin + masitinib or brentuximab vedotin + PKC412 treatment compared with NI-1 cells without rcIL-4 incubation (Fig. 7C) .
Discussion
During the last two decades, our increased understanding of the role of oncogenic kinases in the regulation of tumour cell growth in various cancers resulted in the development of specific TKI as new effective targeted drugs. Paradigmatic examples are canine and human MC neoplasms, both of which exhibit activating mutations in the Kit proto-oncogene that mediate growth-factor independent Kit activation and autonomous proliferation in neoplastic MC. 5 -7,41,42,46,50 More recently, new insights into the molecular pathways involved in growth and survival of neoplastic MC has resulted in the identification of new drug targets. One emerging surface target aberrantly expressed on the surface of neoplastic MC is CD30, also known as the Ki-1 antigen. 36, 37, 39, 53 Recent data suggest that CD30 is expressed in human neoplastic MC and serves as a molecular target in advanced SM. 39 Preliminary data from a small case series in human CD30-positive mastocytosis support this hypothesis although not all patients may respond to brentuximab. 54 In this study, we show that CD30 is also expressed in neoplastic canine MC independent of the histopathological grade. In addition, we also show that CD30 serves as a cytokine-regulated target in canine MCT.
In a first step we examined MC in archival canine MCT samples for CD30 expression using IHC analysis. The results of these staining experiments suggest cytoplasmic and surface membrane expression of CD30 independent of the grade and stage of the MCT. Similar results were obtained in human MC disease. In fact, whereas initial studies described that neoplastic human MC display cytoplasmic CD30 in advanced SM rather than in indolent SM, 36 subsequent studies revealed that CD30 is also expressed on the surface of human neoplastic MC and can be detected on these cells in both, indolent and aggressive mastocytosis. 38 The staining reactions obtained in canine neoplastic MC (primary cells and cell lines) with an anti-CD30 mAb clearly indicate that CD30 is expressed in both the cytoplasm and on the surface of these cells.
Next, we investigated two established neoplastic canine MC lines, NI-1 and C2 cells, regarding surface and cytoplasmic expression of CD30. As assessed by ICC and flow cytometry, both cell lines expressed CD30 in a constitutive manner. In addition, we were able to confirm CD30 mRNA expression in all samples tested. These results are in line with recently published data on human neoplastic MC. 36, 37, 39 To investigate the regulation of CD30 expression in neoplastic MC, we examined the effects of various cytokines, drugs targeting cytokine receptors and drugs targeting related downstream signalling molecules. In canine and human neoplastic MC, several different pro-oncogenic signalling pathways and molecules are triggered by the kinase activity of (mutated) Kit. Therefore, we first examined the role of Kit as a potential trigger of CD30 expression. Indeed, two Kit-blocking TKI, masitinib and PKC412, were found to downregulate the expression of CD30 in NI-1 and C2 cells. By contrast, however, no effect of SCF on CD30 expression was found, which may be explained by the fact that Kit is already expressed in neoplastic MC in an (maximally) activated form. Next, we examined Kit-downstream signalling pathways. In these experiments, we found that two different MEK inhibitors decrease the expression of CD30 in NI-1 and C2 cells. Moreover, PI3 kinase/mTOR inhibitors also reduced CD30 expression in the cell lines tested. These data suggest that both Kit-downstream pathways are involved in the regulation of expression of CD30 in neoplastic canine MC. By contrast, STAT5-inhibition did not result in a marked decrease of expression of CD30 in neoplastic canine MC. We next asked whether other cytokineinteractions (apart from Kit) might be involved in the regulation of CD30 expression in neoplastic canine MC. Of all cytokines tested, IL-4 was found to downregulate the expression of CD30 in a dose-dependent manner in our flow cytometry and qPCR experiments. A number of different studies have shown that IL-4 is a major regulator of growth and differentiation of MC in humans as well as in mice. 55 -60 However, so far, no effects of IL-4 on canine MC have been reported. In this study, we were able to show that rcIL-4 promotes the proliferation of NI-1 and C2 cells. To the best of our knowledge this is the first report describing IL-4 as a MC growth factor in the canine system. An interesting aspect was that NI-1 and C2 cells responded well to canine IL-4, whereas no substantial effects of human IL-4 on growth of canine MC were seen, which may point to a species-specific cytokine effect. Nevertheless, human IL-4 was also found to suppress CD30 expression in NI-1 cells, although at higher concentrations when compared with canine IL-4. Alternatively, the differential response to canine and human IL-4 is a cell line-dependent phenomenon. Indeed, major growth-promoting effects were only seen in NI-1 cells, whereas in C2 cells, the growth-augmenting effect of IL-4 was rather weak.
In human CD30 + lymphomas, especially in drug-refractory Hodgkińs disease, CD30 is an established target of therapy. Notably, several CD30-targeting drugs, including brentuximab vedotin, have been developed. In this study, we asked whether CD30 may also serve as a target of therapy in canine MCT, and applied the anti-CD30 antibody-drug conjugate brentuximab vetodin. Indeed, this drug was found to induce growth-inhibitory and cytotoxic effects on CD30 + canine neoplastic MC lines NI-1 and C2.
Recent data suggest that resistance of neoplastic (human) MC against TKI can be overcome by applying drug combinations. 25, 46 Therefore, we examined the cooperative effects of 'brentuximab vedotin + PKC412' and 'brentuximab vedotin + masitinib' on growth of neoplastic canine MC lines NI-1 and C2. Both drug combinations were found to produce synergistic growth-inhibitory effects in the absence and presence of IL-4. These results are encouraging and suggest that drug combinations may overcome IL-4-mediated partial resistance and may therefore induce prolonged responses in vivo.
In conclusion, we provide evidence that CD30 is expressed in canine MCT cells and may represent a potential marker and target. While IL-4 downregulates expression of CD30 and introduces partial resistance against brentuximab vedotin in our cell line experiments, we were able to overcome resistance by applying drug combinations. Based on our data, CD30 may serve as a novel therapeutic target in canine MCT but further studies investigating more patients, and finally clinical trials, are required to confirm our data generated in canine cell lines.
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